Introduction
Tsunami warning systems are structured primarily to deal with earthquake-generated tsunamis, and rely on automatic processing of earthquake location, wave detection (using buoys or satellites), numerical simulations of wave propagation and inundation, and communication networks to issue timely alarms (e.g. [1] ). These systems are not suited to deal with other sources of tsunamis, such as landslides and volcanic eruptions. Harmonizing and integrating all kinds of tsunami sources in a probabilistic analysis of tsunami hazard and warning systems is challenging, as it requires different mechanisms of wave generation and different monitoring techniques to be combined [2] [3] [4] [5] [6] .
Tsunamis related to volcanic activity and flank instability are characterized by short-period waves, greater dispersion and limited far-field effects compared with earthquake-generated tsunamis (e.g. [7] [8] [9] [10] ). With the exceptions of the 1888 Ritter Island and 1883
Volcanic earthquakes
Earthquakes preceding or occurring during volcanic eruptions are held liable for 20% of listed volcanic tsunamis [7, 16] . Examples are poorly documented and other source mechanisms might be implied in tsunami generation: for example, the 1329 tsunami on the coast of the Etna volcano; the 1827 tsunami in Avacha Bay, Kamchatka (Avachinsky volcano); the 1857 tsunami in Papua New Guinea (Umboi volcano); the 1914 tsunami in Sakurajima Bay, Japan; and the 1916 tsunami at Stromboli. Owing to the lack of instrumental records, the patterns of these earthquakes are not defined, thus making difficult the distinction between volcano-tectonic and pure tectonic events. Among all kinds of earthquakes related to volcanic and magmatic processes, only volcanotectonic (high-frequency) earthquakes can involve ground deformation large enough to generate a tsunami. Volcano-tectonic earthquakes result from the accumulation of stress induced by magma ascent. They are characterized by seismic swarms at shallow depth (less than 10 km), with magnitudes typically less than M s = 6, and thus generate small-magnitude tsunamis [7, 16] . They are often one of the earliest precursors to eruption (e.g. [18, 19] ). Tsunamis reported in Rabaul Bay (Papua New Guinea) in 1878 and 1937 occurred after the initial earthquake and before the eruption started [20] .
Finally, earthquakes, whatever their origin, can trigger slope instabilities and thus indirectly generate tsunamis. The case study of the Kilauea volcano is particularly relevant, with recurrent earthquakes of magnitude M > 6 on large thrust faults at the base of the volcanic edifice [21] . The inferred mechanism of the 1975 Kalapana tsunami is a large-scale slumping of the southern submarine flank of Kilauea, following the M s = 7.2 earthquake [22] .
Slope instabilities
The role of earthquakes in a volcanic setting is also illustrated by the 1792 debris avalanche of Mount Mayuyama (Kyushu Island, Japan) and related tsunami in the Ariake Bay. Mount Mayuyama is a peripheral dome of Unzen volcano, which was active, but the 340 × 10 6 m 3 failure was probably triggered by a strong earthquake [23] . The failure pore fluid pressurization may have contributed to the development of the collapse structure [24] . Tsunami run-ups ranged between 8 and 24 m on the opposite side of the Ariake Bay and 15 030 people were killed [25] .
Volcano flanks display a broad variety of instabilities, from rock falls and small landslides (less than 10 6 m 3 ) to large debris avalanches (up to the order of 10 2 km 3 ). Slope instability at volcanoes is not always associated with eruptive phases, as volcanic edifices are by their nature unstable due to structural discontinuities, hydrothermal alteration, magmatic intrusions and high lava accumulation rates (e.g. [26] [27] [28] [29] ). Tsunamis generated by volcano flank failures represent a low frequency (1% of tsunamis observed during the last four centuries) but potentially high magnitude hazard at the local scale [28] . The entrance of a mass flow in water generates an impulsive wave which then propagates away from the source [9, 10, 30, 31] . The characteristics of tsunamis generated by landslides depend upon their volume, origin (subaerial or submerged) and dynamics (e.g. initial acceleration, maximum velocity, retrogressive behaviour, deformation) (e.g. [32] ). In theory, landslide-induced tsunamis might equal or even exceed earthquake-induced tsunamis in terms of energy, but radial spreading limits their propagation. Landslides with rapid deceleration or acceleration generate short-length tsunamis and their far-field propagation is particularly limited by dispersion [33] . As the total length is mostly determined by the length of the landslide, the effect of dispersion is limited in the case of subcritical, large or deformable flows. Water depth is also an important parameter, especially in the open ocean where the height of the leading wave is limited by water depth (e.g. [34] ). Collapse of lava benches in deep water often generates very local tsunamis along the southern coast of the Kilauea volcano, Hawaii (e.g. July 1994 [35] ).
The most recent damaging tsunami related to volcano instability occurred in December 2002 at the Stromboli volcano [36, 37] . The first and larger failure (17 × 10 6 m 3 ) involved both submarine and subaerial material, and it was followed by a second failure upslope (5 × 10 6 m 3 ) in the Sciara del Fuoco. Both failures produced a local tsunami with a maximum run-up of 8 m along the coast of Stromboli, but had a limited effect on the coast at a distance of more than 200 km from the volcano [38] . Stromboli is one of the most tsunamigenic volcanoes in the world, with five tsunamis observed during the twentieth century (1916, 1919, 1930, 1944 and 1954; [39] ). The 1930 tsunami followed violent explosions and rock avalanches in the Sciara del Fuoco and killed two people. Waves of 2-3 m were observed on the coasts of Capo Vaticano, Calabria [38, 39] . The recurrent instability of the Stromboli volcano is also confirmed by geological and geophysical data. Four large-scale failures affected the northwestern flank of the volcano during the last 13 ka [40] , thus contributing to the formation of a 12 km 3 debris fan offshore [41] . A similar debris avalancheturbidite system was evidenced on the eastern flanks of Stromboli [42] . It is worth noting that other Italian volcanoes such as Etna, Vesuvius and Ischia were the source of submarine debris avalanches that were likely tsunamigenic [43] [44] [45] .
Tsunamis caused by volcano instability are also frequent in the Southeast Asia region, where there is a high density of volcanoes in close proximity to the seas [6] . Two examples particularly illustrate that moderate-scale landslides can be locally damaging and deadly. The first example is the 1979 tsunami that killed approximately 900 people on Lembata Island, Indonesia [46, 47] . The source of the tsunami was a 50 × 10 6 m 3 landslide on the eastern flank of the Iliwerung volcano, a third of the volume reaching the sea. Tsunami run-ups up to 7-9 m were observed on the neighbouring Labala and Waiteba Bays ( [47] ; Yudhicara 2012, personal communication). The second example is the poorly documented 1928 tsunami that killed 128 people on the coasts of Paluweh Island and Flores, Indonesia, that was caused by a landslide on the northern coast of Flores [20, 48, 49] . Three waves 5-10 m high were observed, while the volcano was undergoing an explosive Montserrat-like eruption with progradation of a pyroclastic delta fan on the southwestern coast and formation of a new dome. The paradigm of a landslide as a source for the 1928 Paluweh Island tsunami is not robust, and pyroclastic flow should be considered as well, as occurred during the 1997-2003 eruption of the Montserrat volcano [50] .
The volumes implied by these case studies are at least one order of magnitude lower than the largest historical volcano flank failures, such as Mount St Helens in 1980 (2.8 km 3 [51] ), Ritter Island in 1888 (5 km 3 [52, 53] ) and Oshima-Oshima in 1741 (2.4 km 3 [54] ). The Ritter Island collapse produced a tsunami in the whole of the Bismarck Sea [52, 55] . The waves had a period of 3-4 min and run-ups onshore were as high as 10-15 m on the surrounding islands (Umboi, Sakar), 10 m at Hatzfeldhafen (at 330 km from the volcano) and 5 m at Rabaul (at 500 km). Larger failures-tens to hundreds of km 3 -were evidenced on the flanks of oceanic shield volcanoes (e.g. [56] [57] [58] [59] [60] [61] [62] ). Without observational or instrumental data, it is actually difficult to infer the mechanisms controlling these giant mass failures (e.g. discrete or retrogressive failures), and thus to evaluate tsunami hazards (e.g. [63, 64] ). Their rheology is also poorly constrained, but it has a minor effect on the characteristics of the tsunami, compared with uncertainties on failure mechanisms (figure 1; [63, 65, 66] ). Marine conglomerates found at unusually high elevations in Hawaii, Cape Verde, Mauritius (figure 2), and the Canary Islands were interpreted as being the result of tsunami waves generated by massive flank failures [65, [67] [68] [69] [70] . The altitudes of these tsunami deposits and the stratigraphy of the volcaniclastic turbidites offshore suggest that many of these ocean-island collapses are multi-stage [63, 64, 67] .
Pyroclastic flows
Pyroclastic flows are hot mixtures of gas and particles generated by volcanic eruptions, particularly in the case of dome collapse and plume collapse. Tsunamis generated by pyroclastic [50] ) and the Rabaul 1994 eruption (with a maximum run-up of 8 m in Rabaul Bay [71, 72] ). The tide gauge of the Rabaul Volcano Observatory recorded two sequences of tsunamis: a first small-amplitude tsunami following the initial earthquake on the morning of 18 September 1994 and a series of tsunamis excited by recurrent pyroclastic flows on 19 September [72] .
There is geological evidence of pyroclastic flows entering the water and propagating underwater over distances of up to 20 km [73] [74] [75] . Cas & Wright [76] established a typology of scenarios in which pyroclastic flows interact with a body of water. However, mechanisms of interaction between pyroclastic flow and water as well as the conditions required to generate a tsunami remain partly elusive because the scientific community lacks observations of this complex phenomenon, and because experimental as well as theoretical studies are rare [75, 77, 78] . Watts & Waythomas [79] demonstrated that the most energetic and coherent water waves are produced by the dense, basal debris flow component of the pyroclastic flow. Other phenomena such as steam explosion, flow pressure and shear, and pressure impulse would theoretically generate smaller waves [79, 80] . The important parameters controlling the interactions between pyroclastic flows and water bodies are the bulk density of the flow and its preservation or disaggregation underwater, the discharge rate, the angle of incidence and the transport distance from the vent [11, 76, 81] . Freundt [78] demonstrated that flows with a bulk density near that of water generate waves, whatever their temperature. Decoupling of the dilute cloud from the basal flow and propagation over the water surface was reported for the 1883 Krakatau eruption, where approximately 1000 people were burnt at distances as far as 60 km from the volcano [81] . Extensive pumice rafts at the surface of the water might favour passage of pyroclastic flows across the sea.
The 1883 Krakatau eruption and tsunamis that devastated the coasts of the Sunda Strait are particularly well documented, thanks to hundreds of observations and eyewitness accounts that were collected during and after the disaster [82] [83] [84] . The eruptive processes, and the source and time propagation of the tsunamis, have been widely debated on the basis of observations, analysis of near-field pyroclastic deposits, tide and pressure gauge records, and numerical modelling [11, 16, 73, 74, 82, [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] . It is now commonly accepted that pyroclastic flows were the source of tsunamis of increasing magnitude from the afternoon of 26 August to the morning of 27 August 1883, even if other processes were involved during the phases preceding or following the paroxysm (rock falls, landslide, caldera collapse).
Underwater explosions
After an underwater explosion and while different jet flows are ejected, the development of a water crater might be initiated, depending on the water depth and energy of the explosion [97] . Subsequent expansion, rise and gravitational collapse of the crater create two successive bores followed by a number of smaller undulations propagating radially from the source ( figure 3 ). The theory of waves generated by underwater explosions is well documented [97] [98] [99] [100] [101] . The initial surface displacement can be estimated as a function of the explosion energy at a given depth [97] , or indirectly after the size of the submerged crater formed by the explosion [102, 103] . Waves caused by underwater volcanic explosions during the twentieth century had very small amplitudes [52, 85, 104, 105] , excepting the 1996 Karymsky Lake example [106] . Indeed, underwater explosions typically generate waves of short period and great dispersion compared with earthquakes, and the impact in the far-field is often limited. The Myojin-Sho (Japan) submarine eruption in 1952 generated waves less than 1.5 m high at 130 km from the volcano, while a survey vessel of the Japan Hydrographic Department had capsized near the source [107, 108] . The precise origin of the disaster was not determined, tsunami or explosion, but consequently an unmanned radio operating survey boat (Manbou) was developed to observe submarine active volcanoes. However, the effect of dispersion is reduced for underwater explosions occurring in shallow-water lakes, as the length-to-depth ratio of the waves rapidly increases and run-up inland can be locally high. This effect was particularly illustrated by the 19 m run-up at Karymsky Lake, Kamchatka, in 1996 [12, 106, 109] .
It is worth noting that many volcanic eruptions starting below the water surface are not tsunamigenic, including Surtseyan-type phreatomagmatic eruptions [12] . Compared with other sources of underwater explosions, magma-water interactions are complex and their physics ) 1996 aerial photographs of the northern part of Karymsky Lake, Akademiya Nauk caldera, Kamchatka (courtesy of A. Belousov and M. Belousova). Note the formation of the tuff ring during the January 1996 eruption and erosion of the shoreline, slopes and riverbeds, both by base surges (close to the tuff ring), lahars (northward, through the Karymsky River) and tsunamis.
is controlled by water depth, geometry of the vent and the magma-water interface, transfer of thermal energy, processes of intermingling and mixing between the magma and the water, metastability of the superheated water and the quantity of gas in the ascending magma [110] [111] [112] . Violent steam explosions of eruptions forming maars and tuff rings (Taalian style of [110] ) are potentially more tsunamigenic than Surtseyan and other emergent volcanic activities.
Nevertheless, hazards related to underwater volcanic explosions are quite unpredictable and might be underestimated in some cases. Additional hazards come from the triggering of debris flows by the outburst of a lake affected by a tsunami, as occurred at Karymsky Lake in 1996 (figure 4; [106] ) and Ruapehu in 1995 [113] .
Shock waves
Long-period sea waves can be produced by phase-coupling with atmospheric compressional gravity or shock waves [114, 115] . This rare phenomenon, a so-called meteorological tsunami, requires certain conditions [90] . In the case of volcanic explosion, the explosive pressure must be high enough to excite free waves in the atmosphere, as recorded during the 1956 eruption of the Bezymianny volcano, Kamchatka [20] . The transfer of energy from air to water works only on a deep and long stretch of ocean or sea. This is why coupled air-water waves could explain the worldwide tsunami recorded after the 1883 paroxysmal explosion of Krakatau [90, 95] , but not the 15-30 m high waves observed in the shallow-water Sunda Strait that were most probably related to pyroclastic flows [11, 73] . Volcano-meteorological tsunamis might have been generated by major volcanic explosions in the past, such as the ca AD 200 Taupo eruption, New Zealand [116] .
Caldera collapse
Large explosive eruptions often result in the collapse of the central part of the edifice, thus forming a caldera. The duration of a caldera collapse is poorly constrained (from minutes to hours) and field and experimental studies suggest various geometries and collapse mechanisms [117, 118] . In the case of underwater eruption, the collapse generates a subsidence of the water surface that initiates the propagation of a leading trough. The amplitude of the water subsidence depends on the geometry and duration of the collapse [11, 94, 119] , keeping in mind that large collapses lasting a few minutes are theoretically tsunamigenic but probably unrealistic. Incremental collapse of the Fernandina basaltic volcano, Galapagos, consisted of a series of discrete drops over a period of 12 days [120] . Calderas formed during explosive eruptions of silicic magmas are more rapid and en masse. For instance, the bulk volume of the 1991 caldera collapse at Pinatubo, Philippines, might have subsided in 34 min [121] . Ulvrová et al. [15] demonstrated that caldera collapse of the Kolumbo submarine volcano, Aegean Sea, would produce significant wave heights (more than 1 m) on the shorelines of Santorini Island if the bulk subsidence lasted less than 10 min (figure 5). Furthermore, determining the source of tsunamis generated during shallow-water calderaforming eruptions is often problematic because different tsunamigenic processes might be involved: the caldera collapse itself, but also pyroclastic flows, underwater explosions, earthquakes, slope instabilities and shock waves. High discharge rate eruption of silicic magmas (e.g. rhyolite) during subaqueous caldera-forming eruptions might generate pyroclastic ponds resulting in a dome of water, thus having the opposite effect to caldera subsidence [76] . Controversies over the source of the 1883 Krakatau and 3.6 ka Santorini tsunamis illustrate the complexity of tsunamis associated with caldera-forming eruptions. Maeno & Imamura [11] found that the computed tsunami heights generated by a simulated pyroclastic flow with a volume of more than 5 km 3 and a discharge rate of 10 7 m 3 s −1 are consistent with historical records of the 1883 Krakatau tsunamis in Sunda Strait (figure 6). Other source mechanisms such as underwater explosions and caldera collapse (even if sudden) do not fit with the record of the tide gauge record at Tandjong Priok (Batavia-Jakarta harbour, Java).
Conclusion
Volcanic tsunamis are less frequent than their seismic counterparts. They are characterized by short to moderate wavelengths and their impact in the far-field is often limited. However, the local impact is potentially disastrous and major volcanic tsunamis are thought to have participated in cultural transitions during Prehistory and Antiquity (e.g. [122, 123] ).
Considering the diversity of source mechanisms, prevention of volcanic tsunamis through monitoring is challenging and must be coupled with a policy of population preparedness. In terms of hazard evaluation and warning, the worst-case scenarios are: (i) a Bandai-type debris avalanche (due to phreatic explosion) with no precursors to the onset of the paroxysmal phase [24] ; (ii) a Mayuyama-type debris avalanche affecting a peripheral non-active edifice that is not monitored [25] ; (iii) a large underwater explosion in a lake bordered by densely populated cities; and (iv) tsunamis caused by activity or instability of submarine volcanoes, which are most of the time not monitored.
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